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Serine racemase (SR) is a pyridoxal-5’-phosphate-dep ndent enzyme responsible for 
biosynthesis of D-serine, a recognized neurotransmitter acting as a co-activator of N-
methyl-D-aspartate (NMDA) type of glutamate receptors in the mammalian central 
nervous system. The hyperfunction of the mentioned receptors have been shown to be 
implicated in many neuropathological conditions including Alzheimer’s disease, 
amyotrophic lateral sclerosis and epilepsy. To alleviat  the symptoms of these diseases, 
several artificial blockers of NMDA receptors have b en introduced into the clinical 
practice. However, many of these compounds cause und sirable side effects and it is thus 
necessary to search for either less harmful blockers or regulators of other targets of 
pharmaceutical intervention that are involved in NMDA receptor activation. In this 
context, specific inhibition of serine racemase seems to be a promising strategy for 
regulation of NMDA receptor overstimulation. 
Mouse serine racemase shares 89% identity with its uman ortholog and it was also shown 
that both enzymes possess similar kinetic parameters and inhibitor specificity. Therefore, 
the mouse models can be used to search for a potent human serine racemase inhibitor. 
Although many different compounds for their inhibitory potency towards serine racemase 
have been tested, no inhibitor with high binding affinity has been identified. This study 
aimed to build on the research performed so far and investigate whether the modifications 
of the most potent inhibitors of serine racemase published to date – L-erythro-3-
hydroxyaspartate and malonate – could lead to increase of inhibitory efficiency towards the 
enzyme.  
For this purpose, mouse serine racemase was expressed, purified and characterized. 
Subsequently, 50 compounds were tested for their inh bitory potency towards prepared 
enzyme and binding affinity and mechanism of action of the most efficient inhibitors was 
explored. This led to discovery of dichloromalonate s the compound with the highest 
binding affinity towards mouse serine racemase observed to date. Additionally, 3-
hydroxyglutamates were identified as novel substrates of serine racemase side reaction 
activity possessing one of the best kinetic constant  published to date. 





Serinracemasa je pyridoxal-5’-fosfát dependentní enzym zodpovědný za biosyntézu D-
serinu v centrální nervové soustavě. D-serin je důležitý neurotrasmiter, který se podílí na 
aktivaci N-methyl-D-aspartátových receptorů pro glutamát. Nadměrná stimulace 
zmíněných receptorů může vést k různým neuropatologiím, jako je Alzheimerova choroba, 
amyotropní laterální skleróza, epilepsie a další. Pro zmírnění příznaků těchto onemocnění 
se v klinické praxi využívají přímé blokátory NMDA receptorů. Řada těchto látek ale 
způsobuje nežádoucí účinky a je tedy zapotřebí hledat méně škodlivé blokátory či 
regulátory působící na jiné cíle terapeutického zásahu, které přímo ovlivňují aktivaci 
NMDA receptorů.  V této souvislosti se právě specifická inhibice serinracemasy zdá být 
slibnou strategií pro snížení nadměrné stimulace dotyčných receptorů.   
Myší serinracemasa sdílí 89% identitu se svým lidským ortologem, přičemž bylo 
prokázáno, že oba zmíně é enzymy vykazují podobné kinetické parametry a jsou 
inhibovány stejnými látkami s podobnou efektivitou. Pro hledání potentních inhibitorů 
lidské serinracemasy tedy mohou být využity myší modely. Nicméně, i přesto, že byla 
testována celá řada nejrůznějších látek, vysoce efektivní inhibitory serinracemasy ještě 
nebyly identifikovány. Tato studie měla za cíl navázat na výzkum provedený doposud a 
prozkoumat, zda modifikace zatím nejúčinnějších publikovaných inhibitorů serinracemasy 
– L-erythro-3-hydroxyaspartátu a malonátu – může vést k zisku více potentních regulátorů 
dotyčného enzymu. 
Za tímto účelem byla exprimována, purifikována a charakterizována myší serinracemasa. 
50 různých sloučenin bylo následně testováno pro jejich potenciální inhibiční aktivitu vůči 
připravenému rekombinantnímu enzymu. U nejúčinnějších látek byla poté prozkoumávána 
vazebná afinita a mechanismus inhibice, přičemž byl nalezen doposud nejefektivnější 
kompetitivní inhibitor serinracemasy – dichloromalonát. Zároveň byly identifikovány nové 
substráty vedlejší reakční aktivity serinracemasy, které vykazují jedny z nejlepších dosud 
publikovaných kinetických konstant. 
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1.1. Discovery of serine racemase 
For most of the history of biochemistry, L-amino acids have been known to be essential for 
all living organisms, while their D-enantiomers have been considered to be crucial only for 
bacteria [1]. Even when in 1965, D-alanine was detect d in body fluids of guinea pigs and 
mice in metabolically significant quantities [2], it was not believed that this amino acid 
fulfils any physiological function in higher organisms. Moreover, D-amino acids were not 
generally assumed to be formed in mammals de novo. They were suggested to originate 
from exogenous sources such as diet, intestinal microflora and spontaneous racemisation of 
L-amino acids after protein hydrolysis [1]. 
In the following 30 years, high levels of D-aspartate [3-5] and D-serine [6-7] were 
identified in brain of rodents and humans. Furthermore, the concentration of D-serine in 
the central nervous system (CNS) of mature rats appe red to be higher than the amount of 
any other D-amino acid determined in mammalian brain ever before [6]. Together with the 
fact that 4 years prior its first detection in mammals, D-serine was observed to be capable 
of activation of excitatory N-methyl-D-aspartate (NMDA) receptors [8], the discovery of 
D-enantiomer of serine in mammalian CNS seemed to be very important. It was proposed 
that D-serine could be a novel endogenous neurotransmitter [6]. 
However, the origin of this amino acid was uncertain. Indeed, based on the study 
performed previously by Oldendorf, free D-serine could have not been derived from diet 
since it was believed that the transport of serine through the blood-brain barrier is very 
slow [9]. It was thus desirable to search for the mchanism of D-serine formation in the 
brain. In 1997, L-serine was proposed to be the possible source of D-serine and it was 
suggested that the racemisation reaction is catalyzed by a specific racemase [10-11]. This 
hypothesis was finally confirmed two years later, when Wolosker and co-workers 
published a study revealing the characterization of rat serine racemase (rSR), an enzyme 





1.2. Function and metabolism of D-serine 
1.2.1. D-serine as the neurotransmitter in the central nervous system 
As mentioned above, the participation of D-serine i neurotransmission in the mammalian 
brain was first suggested in early 1990s [6,13]. Since then, many studies have been 
conducted to confirm the proposed function of D-serine and investigate the physiological 
role of this amino acid further [13-15]. Currently, D-serine is widely recognized as the co-
agonist of N-methyl-D-aspartate type of glutamate receptors, the receptors involved in 
neuronal development, synaptic plasticity, learning, memory and neurotoxicity [16]. 
 
1.2.1.1. Activation of NMDA receptors by D-serine 
N-methyl-D-aspartate (NMDA) receptors are tetrameric ligand-gated ion channels 
participating in glutamatergic excitatory neurotransmission [17]. They are formed by a 
combination of two distinct subunits (NR1 and NR2) that bear specific binding sites for 
several factors influencing the signal transmission (see Figure 1, p. 3) [18-19]. NMDA 
receptors are permeable to three different ions – potassium, sodium and calcium. To enable 
the ions to penetrate through the channel, the receptor needs to first be stimulated. This is 
carried out by glutamate as an agonist that binds to the glutamate site on the NR2 subunit 
and glycine or D-serine as a co-agonist that binds to the glycine site on the NR1 subunit 
[18,20-21]. Occupancy of both sites is required to achieve complete activation of the 
NMDA receptors. 
Since both glycine and D-serine have been suggested to act as neurotransmitters by 
binding to the glycine site of NMDA receptors, it has been desirable to investigate whether 
both compounds are equally important for the successful transmission of the signal through 
the channels. Based on the first experiments, it was proposed that each of the compounds 
could probably serve as the main co-activator of NMDA receptors depending on the brain 
region [17]. However, most recent reports prioritize D-serine, rather than glycine, as the 






Figure 1: Schematic representation of NMDA receptor. NMDA receptors are ion channels 
permeable to potassium, sodium and calcium. In order to open, both glutamate recognition site and so-called 
glycine site need to be occupied. Moreover, magnesium ion bound inside of the channel needs to be releas d. 
The function of NMDA receptors is stimulated by bindi g of specific polyamines and inhibited by zinc and 
phencyclidines (PCP) [18-19]. The figure was adapted from [22]. 
 
 
Indeed, several studies have revealed that the localization of NMDA receptors in the brain 
corresponds with the localization of D-serine more p cisely than with glycine [23-24]. 
Moreover, in comparison with glycine, D-serine appeared to have higher affinity as well as 
potentiation effectivity towards NMDA receptors [25- 7].  
Most of the reports dealing with the establishment of major endogenous co-agonist of 
NMDA receptors focused on the observation of the responses of these receptors in the 
absence of D-serine (Fuchs 2011). It was shown that enzymatic depletion of D-serine from 
different types of brain slices, primary cell cultures and vertebrate retina leads to dramatic 
decrease of NMDA receptor activity [28-33]. Furthermore, knock-out of the D-serine 
synthesizing enzyme (serine racemase) gene in mice resulted in the reduction of NMDA 
receptor functions as displayed by learning and memory impairments [34]. It is thus 




1.2.1.2. Roles of D-serine resulting from NMDA receptor activation 
NMDA receptors fulfil wide variety of functions in the CNS (see charter 1.2.1). Since D-
serine is accepted as their co-activator, it is not surprising that this amino acid appears to 
play a key role in some of the physiological processes linked with these receptors. To date, 
D-serine has been confirmed to participate in neuronal development [35] and long term 
potentiation (LTP) which is considered to be one of the molecular mechanisms of learning 
and memory [36].   
As well as being crucial for higher organisms in physiological conditions, NMDA 
receptors could participate in many neuropathologies including brain ischemia, epilepsy, 
schizophrenia and neurodegenerative disorders [17,37]. From those, the role of D-serine 
has been reported to be implicated in epilepsy, schizop renia, perinatal asphyxia, 
amyotrophic lateral sclerosis (ALS), Alzheimer’s diease and bipolar disorder [14,38-39]. 
 
1.2.2. Other physiological functions of D-serine 
Apart from the brain, D-serine has been detected in blood [40], saliva [41], urine [42] and 
retina [29], revealing that this amino acid can occur in peripheral mammalian tissues [38]. 
However, whether the presence of D-serine outside of the CNS is physiologically 
significant still remains to be elucidated. 
Recently, D-serine has been proposed to be involved in lower esophageal sphincter 
contraction and peripheral nerve relaxation through modulation of NMDA receptors [43-
44]. In addition, this amino acid has also been shown to negatively regulate 












1.2.3. D-serine metabolism 
1.2.3.1. Biosynthesis of D-serine 
The main synthesizing enzyme of D-serine in mammalian CNS is serine racemase [12] (for 
more details see Chapter 1.4.1). Nevertheless, several studies have shown that the 
depletion of D-serine in serine racemase knock-out mice is not complete [34] suggesting 
that there must be an alternative way of D-serine acquisition. One such an income could be 
from exogenous sources (see Chapter 1.1). Indeed, contrary to preliminary observations by 
Oldedorf (see Chapter 1.1), more recent research has revealed that D-serine can be easily 
transported from blood to the brain through the blood brain barrier [47]. In addition, the 
possible involvement of the glycine cleavage system and phosphoserine phosphatase in D-
serine biosynthesis has also been investigated [48-49].  
The glycine cleavage system (GCS) is a series of enzymes that participate in catabolism of 
glycine [50]. The main glycine degradation products in this pathway are carbon dioxide 
and ammonia. However, it was also proposed that glycine might be converted into D-
serine [48]. It is not clear though, whether this reaction is catalyzed only by GCS or other 
enzymes such as serinhydroxymethyltransferase are also required. 
Using phosphoserine phosphatase, it has been suggested that D-serine may be synthesized 
from D-phosposerine [49]. Nevertheless, since D-phos oserine has not been detected in 
mammals [51] this source of D-serine seems to be unlikely.  
 
1.2.3.2. Degradation of D-serine 
Similarly to D-serine biosynthesis, D-serine catabolism is also not yet fully understood. 
However, it is believed that the major role in degradation of this amino acid plays D-amino 
acid oxidase (DAAO) [52]. This flavine-adenine dinucleotide (FAD) enzyme is not 
specific only for D-serine but generally catalyzes oxidative deamination of D-amino acids 
into iminoacids with the concurrent release of H2O2 [53]. In the case of D-serine, this leads 
to a generation of imino pyruvic acid which is subsequently non-enzymatically hydrolyzed 







Figure 2: Degradation of D-serine catalyzed by FAD-dependent D-amino acid oxidase. The α-
proton is first transferred from D-serine to oxidised FAD to form imino pyruvic acid and reduced flavin. The 
imino pyruvic acid is subsequently non-enzymatically converted into pyruvate and ammonia while FADH2 is 
re-oxidized by dioxygen into FAD with simultaneous production of hydrogen peroxide. The scheme was 
taken from [54]. 
 
The hypothesis that DAAO is a key player in D-serin degradation has been confirmed by 
several independent studies using mutant mice lacking DAAO activity [55]. Indeed, the 
overall amount of D-serine in the brains of genetically modified mice was much higher 
than in the brains of normal mice. However, in some brain regions of mutant mice, the 
concentration of D-serine remained unchanged. It could not be thus excluded that other 
enzymes than DAAO participate in D-serine catabolism in these areas of the CNS [15]. In 
this context, serine racemase (SR) has been suggested a  one such a candidate since in 
addition to its racemisation activity, this enzyme is able to eliminate D-serine to pyruvate 
in vitro [56] (for more details see Chapter 1.4.1). Nevertheless, it has not yet been 








1.3. Biology and pathobiology of serine racemase 
1.3.1. Serine racemase orthologs within mammals 
To date, three different mammalian serine racemase orthologs have been identified and 
studied – rat SR (rSR), mouse SR (mSR) and human SR (h ) [57]. While the preliminary 
experiments were conducted on rats, recent research dealing with the biology, 
pathobiology and biochemistry of serine racemase is more focused on mice and humans. 
The primary structures of all mentioned SRs are very similar since the sequence alignment 
among hSR, mSR and rSR revealed 90% identity [57].  
In addition, the gene sequence of serine racemases from cow, dog, chimpanzee and rhesus 
monkey have been deposited in databases. However, almost no experimental data are yet 
available for these mammalian SR orthologs [58].  
 
1.3.2. Localization of serine racemase 
The current expressed sequence tag (EST) profile available in the NCBI Unigene database 
suggests that human SR mRNA could occur in brain, kidney, liver, skeletal muscle, heart, 
intestine, lung, thymus, adrenal gland, bone, eye, mammary gland, pharynx, prostate, 
stomach, testis and uterus [59]. Northern blot performed by Xia and colleagues confirmed 
the presence of SR mRNA in human brain, liver, kidney, muscles and heart. On the other 
hand, no signal was observed in intestine, lung and thymus [60]. These results 
corresponded with those previously obtained with mice [61].  
On the protein level, SR has been shown to be expressed in human brain, kidney and heart 
[60]. Additionally, the experiments with rodents revealed the presence of SR protein in 
liver [61], peripheral nervous system [62], retina [29,63] and peripheral vestibular system 
[64]. 
Within the brain, SR is localized most likely in both neurons and glial cells [58]. In fact, 
the cellular distribution of this enzyme is slightly controversial. The first report suggested 
SR to be an astrocytic enzyme [65]. However, in subsequent studies, SR was observed to 
be present in neurons as well as glia [31,66-67] and one publication even indicated SR to 
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be more abundant in neurons [68]. Moreover, a complete absence of SR in glial cells has 
been also already reported [69].   
Within the cell, SR was shown to be predominantly loca ized in cytosol [58]. Nevertheless, 
a small fraction of SR could be also bound to the membrane through the acylated residues 
(see Chapter 1.4.3) [70].   
 
1.3.3. Physiological function of serine racemase 
Since SR serves as the main biosynthetic enzyme of D-serine it is not surprising that the 
physiological function of this enzyme closely corresponds with the role of NMDA 
receptors (see Chapter 1.2.1). The involvement of SR in NMDA receptor 
neurotransmission has been already demonstrated by several SR knock-out mice studies.  
The deletion of SR gene results in significant reduction of NMDA receptor-mediated 
excitatory postsynaptic currents [71] and decreased propensity to neurotoxicity [72-73]. 
Moreover, SR knock-out mice display behavioural changes and defects in learning and 
memory that are usually connected with NMDA receptor hypofunction [34]. Indeed, 
targeted disruption of SR was shown to affect the mmory for order [74], caused 
hyperactivity and impairment of spatial memory in males and elevation of anxiety in 
females [71]. 
While the importance of SR racemisation activity is apparent, the physiological 
significance of SR elimination activity is still a subject of speculations. The involvement of 
SR in energetic metabolism seems to be unlikely since the amount of pyruvate formed 
from serine represents less than 0.1% of the amount generated during glycolysis [75]. The 
only reasonable suggestion of the role of SR eliminatio  activity is thus the involvement of 
this enzyme in D-serine degradation [56]. It cannot be also excluded that this activity is 







1.3.4. Serine racemase in neuropathology 
Similarly to the connection of SR physiological role with NMDA receptor functions, the 
pathophysiology of this enzyme closely corresponds with NMDA receptor dysfunction. To 
date, the possible involvement of SR has been suggeted in neuropathology of 
schizophrenia, Alzheimer’s disease, ALS and epilepsy. 
In fact, the participation of SR in pathology of schizophrenia is still a matter of 
speculations since the results gained from studies addressing this topic are inconclusive 
and controversial [58]. It was observed that in comparison with age and sex-matched 
healthy controls, schizophrenics possess lower D-serine levels in serum and cerebrospinal 
fluid [77-78]. However, this phenomenon does not necessarily have to be connected with 
decrease of SR expression or activity and could easily be caused by up-regulation of 
DAAO, the D-serine degrading enzyme (see Chapter 1.2.3.2). 
The relationship between SR and other mentioned diseases has been demonstrated more 
clearly. The levels of SR mRNA were shown to be increased in human brain samples of 
Alzheimer’s disease patients when compared with age-matched controls [79]. Moreover, 
SR knock-out mice displayed significantly reduced propensity to neurotoxicity after 
administration of amyloid β-peptide (Aβ), an agent responsible for formation of so-called 
amyloid plaques in the brain of Alzheimer’s disease patients.  
SR up-regulation has been also observed in G93A-SOD1 transgenic mice, which is the 
standard model of ALS [80-81]. The progress of the disease is much slower in ALS mice 
with disrupted SR [81]. Additionally, the presence of phenazine methosulfate, an alleged 
SR inhibitor, in the media of primary cultured spinal cord cells from ALS mice leads to 
significant alleviation of NMDA toxicity [80]. 
Finally, increasing evidence suggests that SR plays a role in pathology of epilepsy. The 
enzyme was shown to be overexpressed in the experimental model of this disease [82] and 
furthermore, SR knock-out mice are much less susceptibl  to seizures induced by 






1.4. Biochemistry of serine racemase 
1.4.1. Serine racemase enzyme activities 
Serine racemase was discovered as an enzyme responsible for conversion of L-serine to D-
serine and vice versa (see Figure 3) [12]. Since the affinity of serine racemase towards L-
serine is several times higher than towards D-serine [12,84-85] and furthermore the 
amount of L-serine in CNS is estimated up to 70 – 98% of total serine [86] it is believed 





Figure 3: The reactions catalyzed by serine racemase. Serine racemase is capable of racemisation of 
L-serine as well as D-serine and elimination of water from both compounds to form dehydroalanine which is 
subsequently hydrolyzed into pyruvate and ammonia. S nce serine racemase is PLP-dependent enzyme all 
mentioned reactions are carried over the condensation of PLP with the amino acid substrate to form a Schiff 





As already mentioned, in addition to its racemisation activity, SR also possesses β-
elimination activity (see Figure 3, p. 10) [87-88]. Indeed, it was shown that both L-serine 
and D-serine are deaminated into pyruvate in the presence of SR. Both racemisation and 
elimination reactions share the same active site and require pyridoxal-5’-phosphate (PLP) 
as a cofactor (see Figure 3, p. 10). The optimum conditi n for the enzyme during these 
reactions is a pH in the alkaline range (pH 8.0 – 9.0) and a temperature of 37˚C. 
The necessity of the presence of PLP in SR catalyzed reactions was observed from the very 
beginning [12]. Indeed, Wolosker and co-workers repo ted that the SR activity is inhibited 
when agents reacting with PLP are added into the enzymatic reaction. Moreover, the 
absorption spectrum of SR showed the same trend as the absorption spectra characteristic 
for PLP-dependent enzymes [12]. Subsequently, the det rmination of the mSR primary 
structure was published and revealed the presence of a conserved sequence for PLP-
binding [65]. This sequence is usually located in the active site of the PLP-dependent 
enzyme and contains lysine through which the PLP can be covalently bound to the enzyme 
[57]. The lysine for PLP-binding to the active site of SR has been identified for both mSR 
and hSR as K53. However, several studies have pointed out that PLP is bound to SR 
weakly since the enzyme looses its activity when it is dialyzed against buffer without 
added PLP [58]. Despite of this discrepancy in a typical PLP-dependent enzyme behaviour, 
SR is considered as a member of the fold-type II family of PLP-dependent enzymes [58]. 
 
1.4.1.1. Kinetic parameters of reactions catalyzed by serine racemase 
The kinetic parameters of SR differ depending on the species, the way of enzyme 
preparation and the reaction conditions used. Km of L-serine ranges from 1.8 mM to 60 
mM and kcat ranges from 3 to 45 min
-1 for SR racemisation and 7 to 115 min-1 for SR β-
elimination [76]. While almost no kinetic data are available for rat SR, mouse SR enzyme 
parameters have been investigated extensively [89]. Moreover, recombinant human SR has 
been already prepared and compared with its recombinant mouse ortholog produced using 






Table 1: Kinetic parameters of L- and D-serine racemisation and L- and D-serine β-
elimination catalyzed by mouse and human serine racemase. Data taken from [85]. 
 






















3.8 ± 0.1 45.5 ± 0.5 12.0 ± 0.4 4.1 ± 0.2 41.5 ± 1.5 10.0 ± 0.8 
D-serine 
racemisation 
14.5 ± 1.1 113 ± 3 7.8 ± 0.6 10.8 ± 0.8 84.9 ± 4.2 7.9 ± 0.9 
L-serine 
β-elimination 
4.0 ± 0.5 81.3 ± 2.8 20.3 ± 2.6 4.7 ± 0.4 100 ± 5.1 21.2 ± 2.7 
D-serine 
β-elimination 
3.2 ± 0.3 8.8 ± 0.2 2.7 ± 0.4 9.5 ± 0.6 7.7 ± 0.3 0.81 ± 0.09 
 
The study revealed that both enzymes behave very similarly. The only difference was 
observed in deamination of D-serine. Indeed, it seems that in contrast with hSR, mSR is 
not able to convert D-serine to pyruvate directly. The kinetic data determined for D-serine 
elimination catalyzed by mSR rather correspond with the deamination of L-serine 
previously synthesized from D-serine by racemisation [85]. 
 
1.4.1.2. Other substrates of SR 
The racemisation activity of SR has been shown to be highly specific to serine. The only 
exception represents threonine since L-allo threonine can be converted to D-threonine and 
vice versa and D-allo-threonine can be converted to L-threonine and vice versa [84]. 
However, the affinity of the threonine isomers towards SR is very low and it is thus not 
believed that these reactions could be physiologically relevant. 
Contrary to SR racemisation specificity, several different compounds have been reported to 
be substrates of SR during β-elimination [84] (for the list of the substrates see Tabel 2, 
p. 13). These include both naturally occurring and artificial amino acids and their 
derivatives which are deaminated into the corresponding oxo-acid products. Surprisingly, 
some of the compounds have much higher affinity towards SR than L-serine itself and 
moreover some elimination reactions are much faster than L-serine racemisation (compare 
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Table 1, p. 12 with Table 2). The best substrates of mSR published to date are L-serine-O-
sulfate, L-threo-3-hydroxy-aspartate and β-chloro-L-alanine.  
 
 
Table 2: Kinetic parameters of β-elimination of substrates other than serine catalyzed 












L-serine-O-sulfate pyruvate 0.49 ± 0.05  967 ± 17 1973 ± 205 
β-chloro-L-alanine pyruvate 1.6 ± 0.4 155 ± 10 97 ± 13 
L-threo-3-
hydroxyaspartate 
oxalacetate 1.0 ± 0.1 1860 ± 60 1788 ± 214 
L-threonine 2-oxobutyrate 48 ± 5 627 ± 25 13.1 ± 1.5 
 
From the compounds determined as the other substrate  of SR during β-elimination (see 
Table 2), only L-threonine can be detected in mammals. Since this amino acid has very 
low affinity towards SR it is believed that the ability of SR to deaminate substrates other 
than serine is only a vestige of the evolution [76]. In fact, even in the case of serine, the 
physiological significance of SR β-elimination in mammals is still debated (see Chapter 
1.3.3). 
 
1.4.2. Serine racemase activators 
As already mentioned, PLP is the crucial cofactor in reactions catalyzed by SR. In 
addition, several other activators and cofactors such as divalent cations, nucleotides and 
reducing agents have been shown to increase SR activity significantly. 
Among divalent cations, Mg2+, Mn2+ and Ca2+ are the most potent activators of SR [88,90]. 
In contrast, Fe2+ and Ni2+ have almost no effect and Cu2+, Co2+, and Zn2+ even inhibit SR 
activity [88]. The necessity of the presence of divalent cations in the enzymatic reaction 
has been demonstrated by rapid decrease of SR activity when chelators such as EDTA 
were added [90]. However, it is still speculated which of the mentioned ions is responsible 
for regulation of SR activity in vivo [58]. Despite the suggestion that Ca2+ s an abundant 
second messenger in the brain could play a role in SR stimulation, it is assumed that rather 
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Mg2+ is involved in this process since its concentration n neuronal cells exceeds the 
necessary amount several times [87]. 
The most potent activator of SR within nucleotides is ATP followed by less effective ADP, 
GTP, UTP and CTP. Surprisingly, ATP serves only as an allosteric regulator since it is not 
hydrolyzed into ADP and phosphate during the enzymatic reaction [87,91]. Moreover, it 
has been demonstrated that the effect of ATP is enhanced when 1,4-dithiothreitol (DTT) is 
present in the reaction [92-93]. Indeed, reducing aents such as DTT, 
triscarboxyethylphosphine (TCEP), reduced glutathione and mercaptoethanol have been 
shown to increase SR activity [92]. Since SR is predominantly localized in cytosol (see 
Chapter 1.3.2), which is known to be a reducing enviro ment [94], and ATP and Mg2+ 
have additive activation effects on SR [87], it is believed that all these factors together 
determine the SR efficiency in vivo [57-58].    
 
1.4.3. Posttranslational modifications and interaction partners of 
serine racemase 
It is assumed that posttranslational modifications are not crucial for SR activity since 
kinetic parameters of recombinant serine racemase prepared using an E.coli expression 
system [84,90] are comparable with kinetic parametrs of serine racemase isolated from 
mouse brains [91]. However, several different posttranslational modifications have been 
reported to inactivate SR or participate in SR degradation.  
Mustafa and co-workers suggested that mSR could be S-nitrosylated at C113 residue. This 
leads to inhibition of enzyme activity [93]. In addition, Balan and colleagues showed that 
SR undergoes acylation which mediates translocation of SR into the plasma membrane [70]. 
This process is probably involved in regulation of D-serine production since membrane-bound 
SR is much less efficient. Moreover, phosphorylation of T227 seems to be crucial for steady-
state binding of mSR to the membrane [70]. This observation is particularly interesting since 
SR contains a number of potential phosphorylation stes [57] but no other phosphorylation has 
been reported to date. Finally, the study of Dumin and co-workers revealed that SR 




In contrast with posttranslational modifications of SR published so far, the SR interaction 
partners initially identified by yeast two-hybrid screening seem to increase the enzyme 
activity and prevent its degradation [96]. Indeed, binding of glutamate receptor interacting 
protein (GRIP) [97-98] and protein interacting with kinase C (PICK1) [99] to the C-
terminus of mSR and hSR could lead to enzyme stimulation. Similarly, interaction of 
golgin subfamily A member 3 (Golga 3) with the N-terminus of SR has been shown to 
inhibit polyubiqutination of SR resulting in a signficant increase in protein half-life [95]. 
 
1.4.4. Serine racemase structure 
As mentioned above, the primary structures of the thr e studied mammalian SRs – hSR, 
mSR and rSR – are very similar (see Chapter 1.3.1). The sequence alignment of these SRs 
is depicted in Figure 4. hSR consists of 340 amino acids and its predicted molecular weight 
is 36.5 kDa. mSR is formed by 339 residues with a tot l size of 36.4 kDa. rSR is composed 
of 333 amino acids, giving it a molecular weight of 35.7 kDa. Interestingly, in comparison 
with mSR and hSR, rSR is truncated at the C-terminus, which leads to loss of sequence 




Figure 4: Comparison of primary structures of human, mouse and rat serine racemase. The 
asterisks indicate positions with fully conserved rsidues, the colons highlight conservation between groups 
of strongly similar properties identical residues and the dots mark conservation between groups of weakly 
similar properties. Sequence alignment was generated by ClustalW2 [100]. 
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Secondary structure of recombinant mSR and hSR has been predicted using circular 
dichroism spectroscopy [85]. The study revealed that hSR contains 40.3% α-helixes, 6.9% 
antiparallel β-sheets, 7.0% parallel β-sheets, 15.8% β-turns, and 27.1% random coils. 
Similarly, the composition of mSR secondary structure is as follows: 43.9% α-helix, 6.5% 
antiparallel β-sheet, 6.3% parallel β-sheet, 15.4% β-turn, and 24.3% random coil [85]. 
The three-dimensional structure of mammalian SRs from X-ray data is available for hSR 
(PDB codes 2L6R and 2L6B) and rSR (PDB codes 2L6C and 3HMK) [101]. The cartoon 
representation of hSR tertiary structure is depicted in Figure 5. hSR consists of two main 
domains that form the active site [57]. The enzyme can occur in two different 
conformations – open conformation, when the active site is empty, and closed 
conformation, when the active site is occupied by either substrate or competitive inhibitor. 
In the case of hSR crystallized in order to collect X-ray data, malonate as one of the most 
potent inhibitors of SR (see Chapter 1.4.5) was bound into the active site and the 
conformation of the enzyme was thus closed (see Figure 5, p. 17). In accordance with the 
fact that SR is considered as PLP-dependent enzyme (see Chapter 1.4.1), the active site of 
hSR X-ray structure contains PLP covalently bound to the enzyme by a Schiff base linkage 
with K56 residue. Finally, the presented hSR structure includes Mn2+. Although 
manganese is not believed to activate hSR in vivo, the structure reveals the plausible 
coordination of any divalent cation. This is carried out in an octahedral manner by three 
conserved residues (E210, D216 and A214) and three wat r molecules. 
In solution, SR does not remain as a monomer but multi erizes into dimers and tetramers 
[85,90]. Interestingly, none of the reported SR activ tors influence the formation of SR 
quaternary structure suggesting that neither reducing agents nor divalent cations or ATP 






Figure 5: 3D structure of human serine racemase. Cartoon representation shows large domain 
(purple, residues 1-68 and 157-340) and small domain (blue, residues 78-115) which together form the active 
site of the enzyme.  The active site is occupied by PLP and malonate. To the cation site, Mn2+ (shown as a 




1.4.5. Inhibitors of serine racemase 
Considering the possible involvement of SR in pathology of several neurological diseases 
(see Chapter 1.3.4), it is not surprising that thisenzyme has become a promising target of 
pharmaceutical intervention. Indeed, it is assumed that specific inhibition of SR in 
neuropathological conditions would lead to reduction of D-serine in the brain resulting in 
decrease of NMDA receptor overactivation. However, to date, efforts aiming to find potent 
SR inhibitors have been fruitless since the most effective compounds exhibit a micromolar 
Ki (see Table 3, p. 18). Moreover, vast majority of the inhibitory studies have been 
conducted on mSR. The differences between the behaviour of mSR and hSR are though 
believed to be negligible since it has been shown that both enzymes display comparable 
inhibitor sensitivity [85].  
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19 
 
During the searching for a potent SR inhibitor, several different strategies have been 
employed. Most of the studies focused on systematic modification of L-serine and L-
serine-O-sulfate [84,90]. However, screenings of wide panel of amino acids [75,105], 
small peptides [104] and other miscellaneous compounds structurally unrelated to serine 
[89,103] have been also performed. 
The testing of L-serine and L-serine-O-sulfate based compounds has revealed the most 
potent inhibitors identified so far and also suggested the structural features necessary for 
efficient binding of a ligand to SR. It was observed that the L-serine derivatives formed by 
addition of electronegative groups to the β-carbon usually possess higher affinity towards 
SR than L-serine itself [84]. Moreover, the presence of electronegative substituent such as 
amino or hydroxyl group on the α-carbon can even strengthen the binding efficiency. 
However, in some cases, the removal of α-amino substituent from the serine scaffold does 
not lead to decrease of the affinity. Indeed, even though malonate does not carry any 
substituent on the α-carbon, it possesses one of the highest inhibitory efficiency towards 
SR published so far (see Table 3) [84]. 
The typical representative of SR inhibitor meeting both main rules mentioned above is L-
erythro-3-hydroxyaspartate (see Table 3). As the most potent inhibitor of SR identified to 
date, this compound has been recently successfully employed in cell culture and in vivo 
experiments. L-erythro-3-hydroxyaspartate was shown to be capable of blocking the 
synthesis of D-serine in primary astrocyte cell culture [36]. Moreover, this compound was 
also utilized to demonstrate that its injection into the rats suffering from arthritic pain leads 
to reduction of the levels of D-serine in the brain, which results in alleviation of the signs 
of the neurotoxicity [106].  
Following the rules for efficient binding of a ligand to SR, the stereoisomers of L-erythro-
3-hydroxyaspartate should have a similar inhibitory efficiency. Indeed, L-threo-3-
hydroxyaspartate has been shown to dramatically decrease SR activity. However, rather 
than a typical competitive inhibitor, this compound acts as the SR substrate during β-
elimination (see Chapter 1.4.1.2) [84]. As for D-isomers of 3-hydroxyaspartates, D-threo-
3-hydroxyaspartate displayed neither substrate nor inhibitory activity and the experimental 
data for D-erythro-3-hydroxyaspartate are not yet available [89]. 
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L-aspartic acid β-hydroxamate, the derivate of 3-hydroxyaspartate, has been also 
determined as one of the most effective inhibitors f SR published to date (see Table 3) 
[103]. In fact, other hydroxamic acids have been shown to possess high inhibitory activity 
towards SR as well. However, many of them act non-specifically since they inhibit also 
other PLP-dependent enzymes [103].  
It is obvious that none of the SR inhibitors identified so far can be used in clinical practice 
since the amount of the compound necessary for effective inhibition of SR is very high. 
However, some of the SR ligands such as malonate, L-erythro-3-hydroxyaspartate and L-
aspartic acid β-hydroxamate could serve as lead compounds in further inhibitor 
development studies. In this context, a rational drug design performed with the 3D 

















2. AIMS AND OBJECTIVES 
Since most of current inhibitors of serine racemase are weak and little is known about their 
specificity, it is desirable to search for novel ligands of this enzyme. Therefore, the main 
aim of this study was to test wide panel of different compounds for their inhibitory 
efficiency toward mouse serine racemase and identify a potential lead compound for 
further development. 
 
The objectives are as follows: 
1. To express, purify and characterize mouse serine racem se (mSR). 
2. To analyze the ability of different compounds to inhibit mSR. 
3. To investigate the most potent inhibitors further in terms of binding affinity and 
mechanism of action.  
4. To identify potential substrates of mSR. 




















3. MATERIALS AND METHODS 
3.1. Materials 
3.1.1. Chemicals 
acetic acid ...................................................................................... Penta (Prague, CZ) 
acetone .........................................................................................Lachema (Brno, CZ) 
acetonitrile ...................................................................................... Penta (Prague, CZ) 
acrylamide..........................................................................................Sigma (St. Louis, USA) 
adenosine-5'-triphosphate (ATP) ................................................Sigma (St. Louis, USA) 
ammonium persulfate .........................................................Serva (Heidelberg, Germany) 
ammonium sulfate.............................................................................Lachema (Brno, CZ) 
ampicillin .......................................................................................Sigma (St. Louis, USA) 
boric acid.......................................................................................USB (Cleveland, USA) 
bromphenol blue ..........................................................................Sigma (St. Louis, USA)  
Coomassie Brilliant Blue G-250...............................................Serva (Heidelberg, Germany) 
chloric acid...................................................................................... Penta (Prague, CZ) 
dinitrophenylhydrazine (DNPH)............................................. Fluka (Buchs, Switzerland) 
dithiothreitol (DTT) .......................................................................Sigma (St. Louis, USA) 
ethanol.................................................................................................. Penta (Prague, CZ) 
ethylene glycol ..................................................................................Lachema (Brno, CZ) 
FDAA, Marfey’s Reagent (1-fluoro-2-4-dinitrophenyl-5-L-alanine amide)...........................  
........................................................................Thermo Fisher Scientific (Waltham, USA) 
formic acid ....................................................................................Sigma (St. Louis, USA) 
glycerol ........................................................................................... Penta (Prague, CZ) 
glycine.............................................................................Duchefa (Haarlem, Netherlands) 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)............................................ 
.................................................................................................Sigma (St. Louis, USA) 
hydrogen chloride ...............................................................................Penta (Prague, CZ) 
α-ketoglutarate .............................................................................Sigma (St. Louis, USA) 
magnesium chloride..........................................................................Lachema (Brno, CZ) 
2-mercaptoethanol .............................................................................Sigma (St. Louis, USA) 
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methanol......................................................................................... Penta (Prague, CZ) 
N,N'-methylen-bis(acrylamide) ......................................................... USB (Cleveland, USA) 
o-phenylenediamine.....................................................................Sigma (St. Louis, USA) 
potassium bicarbonate......................................................................Lachema (Brno, CZ) 
potassium chloride .......................................................................Sigma (St. Louis, USA) 
potassium dihydrogen phosphate....................................................Lachema (Brno, CZ) 
potassium hydroxide........................................................................... Penta (Prague, CZ) 
pyridoxal-5´-phosphate (PLP) .....................................................Sigma (St. Louis, USA) 
L-serine, D-serine ........................................................................Sigma (St. Louis, USA) 
sodium acetate trihydrate .......................................................................... Penta (Prague, CZ) 
sodium azide ....................................................................................Penta (Prague, CZ) 
sodium deoxycholate ..........................................................Serva (Heidelberg, Germany) 
sodium dodecyl sulfate ................................................................Sigma (St. Louis, USA) 
sodium chloride.......................................................................................Lachema (Brno, CZ) 
sodium hydroxide ..................................................................................... Penta (Prague, CZ) 
sodium hydrogen phosphate ...................................................................Lachema (Brno, CZ) 
sulphuric acid........................................................................................Penta (Prague, CZ) 
TBA (tetrabutylammonium) .........................................................Sigma (St. Louis, USA) 
TEA (triethanolamine)..................................................................Sigma (St. Louis, USA) 
TEMED (tetramethylethylendiamine) ......................................... Fluka (Buchs, Switzerland) 
Tris (tris(hydroxymethyl)aminomethane).......................................... USB (Cleveland, USA) 
triton X-100...............................................................................Serva (Heidelberg, Germany) 













3.1.2. Compounds for inhibition testing 
The compounds for the inhibition studies on mSR were purchased from commercial 
sources (Sigma-Aldrich or Alfa Aesar), prepared by Petr Jansa and Jiří Schimer from 
Institute of Organic Chemistry and Biochemistry (IOCB) or obtained from a research 
group of prof. Carlo De Micheli (University of Milan). For the list of compounds 
containing the code, structure, name and the source of the compound see Table 4. 
 
Table 4: List of compounds analyzed in the study.  
 
CODE STRUCTURE NAME SOURCE 
M1  malonic acid Sigma-Aldrich 
M2 
 
2-hydroxymalonic acid Alfa Aesar 
M3 
 
sodium 2-aminomalonate Petr Jansa 
M4 
 
sodium 2,2-dichloromalonate Petr Jansa 
M5 
 
sodium 2-carboxymalonate Petr Jansa 
M6 
 
sodium 2-chloromalonate Petr Jansa 
M7 
 
sodium 2-nitromalonate Petr Jansa 
M8 
 
sodium 2-fluoromalonate Petr Jansa 
M9 
 





2-methylmalonic acid Sigma-Aldrich 
M11 
 





















2,2-dimethylmalonic acid Sigma-Aldrich 
M17 
 




























































































cinnamic acid Petr Jansa 
R2 
 





























maleic acid Petr Jansa 
R7 
 




















































































autoclave: MLS-3020U (Tokyo, Japan) 
CCD camera:  LAS-3000 CCD Camera, Fujifilm (Tokyo, Japan) 
centrifuges:  Biofuge Pico, Heraeus Instruments (Hanau, Germany) 
 Centifuge 5415R, Eppendorf (Hamburg, Germany) 
 Beckman J2-MI, Beckman Coulter (Brea, USA) 
 Sorvall Evolution RC, Thermo Scientific (Waltham, USA) 
chromatography:  ÄKTA explorer, Amersham Pharmacia Biotech (Uppsala, Sweden) 
HPLC: 
− instruments: Alliance HPLC High Throughput, Waters (Milford, USA)  
 Rapid Resolution LC Series 1200, Agilent (Santa Clra, USA) 
− detectors: Dual Wavelength Absorbance Detector, Waters (Milford,USA) 
 1200 Series Fluorescence Detector, Agilent (Santa Clara, USA) 
Laboratory scales:  AE 163, Mettler (Greifensee, Switzerland) 
 EK-400H, A&D Engineering, Inc. (San Jose, USA) 
pH-meter:  9450 pH meter, Unicam (Cambridge, UK) 
rotary incubator: Innova 4300, New Brunswick Scientific (Enfield, USA) 
sonicator:  Soniprep 150, Sanyo (Tokyo, Japan) 
spektrophotometers:  GENios, Tecan (Männedorf, Switzerland) 
UV-VIS Spectrophotometer SPECORD 21O, Analytik Jena (Jena, 
Germany) 
thermostats:  Grant Instruments Ltd. (Shepreth, UK) 
 Thermomix BU, B.Braun (Melsungen, Germany) 
Vertical Polyacrylamid Gel Eletrophoresis: Sigma (St. Louis, USA) 










3.1.4. Other material 
ATP-agarose ................................................................................Sigma (St. Louis, USA) 
L-arabinose ..................................................................................Sigma (St. Louis, USA) 
Blocker Casein...............................................Thermo Fisher Scientific (Waltham, USA) 
BSA (bovine serum albumin) ....................................... Imuna (Šarišské Michaľany, SK) 
Centriprep YM-30...................................Amicon, Millipore Corporation (Billerica, USA) 
Complete Mini, EDTA free, Protease inhibitor cocktail blets.........................................   
................................................................................................ Roche (Basel, Switzerland) 
Chemoluminiscence substrate WestFemto ..........Thermo Fisher Scientific (Waltham, USA) 
Dialysis membrane Spectra/Por, MWCO 6-8 kDa............Serva (Heidelberg, Germany) 
DNaseI ......................................................................................... Roche (Basel, Switzerland) 
Glucose Nutrient Mix ........................................................... AthenaES (Baltimore, USA) 
HPLC columns:  
− Eclipse Plus C18 ................................................Agilent Technologies (Santa Clara, USA) 
− Symmetry C18 (4,6×250 mm), particles 5 µm............................Waters (Milford,USA) 
Hyper Broth .......................................................................... AthenaES (Baltimore, USA) 
LB agar .........................................................................................Sigma (St. Louis, USA) 
LB medium ...................................................................................Sigma (St. Louis, USA) 
lysozyme ...................................................................................Serva (Heidelberg, Germany) 
Phenyl-Sepharose FastFlow.................................................Pharmacia (Stockholm, Sweden) 
Q-Sepharose..................................................................Pharmacia (Stockholm, Sweden) 
transparent 96-well microplate with flat bottom............ Koh-i-noor (České Budějovice, CZ) 
SDS marker................................................................... Serva (Heidelberg, GERMANY) 
 
Antibodies 
− primary antibody 3B7.1 
• monoclonal anti-human serine racemase antibody  
• prepared by EXBIO (Prague, CZ) using inclusion bodies with recombinant human 
serine racemase with his-tag produced in E.coli 
• supernatant, total amount of proteins 140 mg/ml 





− secondary antibody 
• goat anti-mouse antibody conjugated with horseradish peroxidase (0.8 mg/ml)......... 
.............................................................Thermo Fisher Scientific (Waltham, USA) 
 
Bacterial strain: E.coli MC1061, ATCC (Manassas, USA) 


















3.2.1. Mouse serine racemase expression 
Mouse serine racemase was expressed using competent E.coli MC1061 and pA4_mSR 
plasmid encoding mouse serine racemase. The pA4_mSR transformation into E.coli 
MC1061 and subsequent mSR expression were performed according to [84]. 2 µl of 
pA4_mSR plasmid solution (DNA concentration 1024 ng/µl) was added into 100 µl of 
competent cells. Mixture was incubated for 5 minutes on ice and then 90 seconds at 42°C 
followed by 1 minute incubation on ice. 1 ml of sterile Luria-Bertani Broth (LB) medium 
was added into the tube with cells and solution wasincubated for 45 minutes at 37°C. 
Finally, the mixture was spread onto 12 LB Agar plates supplemented by ampicillin (final 
concentration 100 µg/ml) and bacteria were left to grow over night at 37°C.  
Growth medium for mSR production was prepared using 15.6 g of Hyper Broth and 
350 ml of deionized water per one 2 l Erlenmayer flask (12 flasks were prepared in total). 
After sterilisation, growth medium was supplemented by Glucose Nutrient Mix (final 
concentration 10 mg/ml) and ampicillin (final concetration 100 µg/ml). 800 µl of growth 
medium was then added into each plate with bacteria grown over night and colonies were 
harvested using hockey-stick. Cell suspension was collected in the sterile 15 ml tube and 
subsequently split equally into all flasks containing growth medium. 
The bacteria were grown at 37°C and 300 rpm and OD595 of the cell suspension was 
measured each hour. When OD595 reached a value of 0.9, mSR production was induced by 
1mM L-arabinose. Five hours after induction, cell cultures were harvested by 









3.2.2. mSR purification 
3.2.2.1. Cell lysis 
The cell pellet obtained from mSR expression was thwed on ice and 200 ml of QA buffer 
(20mM triethanolamine hydrochloride-NaOH, pH 7.0, 20 µM pyridoxal-5‘-phosphate, 
1 mM MgCl2, 100 µM DL-dithiothreitol and 0.02% (w/v) NaN3) supplemented by the 
Complete Mini, EDTA-free, Protease inhibitor mix were added. To suspend the cell pellet 
Dounce homogenizer was used. The cell suspension was incubated with 200 µg/ml chicken 
egg lysozyme for 1 hour at room temperature before appropriate amount of 2% (w/v) 
sodium deoxycholate was added to gain a final concentration of 0.05%. Suspension was 
then gently shaken for additional 20 minutes followed by addition of DNaseI to a final 
concentration of 10 µg/ml. The sample was sonicated on ice 3 times for 30 s with 30s 
intervals between cycles and centrifuged at 18480×g and 4°C for 20 minutes. Soluble 
fraction (supernatant) was then used for further purification of mSR using ammonium 
sulfate precipitation, reversed-phase chromatography, ion-exchange chromatography and 
affinity chromatography. 
 
3.2.2.2. Ammonium sulfate precipitation     
The pH of saturated solution (approximately 4.1 M) of ammonium sulfate was adjusted to 
7.2 using saturated solution of NaOH. 160 ml of the pr pared ammonium sulfate solution 
was then slowly dripped (a drop at a time) into 240 ml of soluble fraction of cell lysate 
followed by centrifugation of the mixture at 18480×g and 4°C for 20 minutes. Since 
analysis of the pellet and supernatant using SDS polyacrylamide electrophoresis (see 
Chapter 3.2.3.2) revealed that the mSR precipitated from the solution (see Chapter 4.1.1.) 
the non-soluble fraction was used for further mSR purification. The pellet was suspended 
in 300 ml of QA buffer and centrifuged at 18480×g and 4°C for 20 minutes.   
 
3.2.2.3. Reversed-phase chromatography 
A Phenyl-Sepharose FastFlow column was pre-equilibrated with 3 column volumes of QA 
buffer. The supernatant containing mSR was applied onto the column in a flow rate of 8-10 
ml/min. The column was then washed by 3 column volumes of QA buffer before bound 
proteins were eluted with 50% (v/v) ethylene glycol in QA buffer (pH 7.0). The fractions 
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containing mSR were combined and immediately diluted with an equal volume of QA 
buffer. 
 
3.2.2.4. Ion-exchange chromatography 
A Q-Sepharose FastFlow column was pre-equilibrated with one column volume of distilled 
water, two column volumes of QB buffer (QA buffer supplemented by 0.5 M KCl, pH 7.0) 
and finally two column volumes of QA buffer. Diluted fractions from reversed-phase 
chromatography were loaded onto the column in a flow rate of 3-4 ml/min. The column 
was subsequently washed by five column volumes of QA buffer before bound proteins 
were eluted in a linear gradient of 0 – 100 % QB buffer in QA buffer. The fractions 
containing mSR were combined and dialysed in dialysis tubes (Spectra/Por) of molecular 
weight cut-off 6-8 kDa overnight against 400 volumes of QA buffer at 4°C.  
 
3.2.2.5. Affinity chromatography 
An ATP-agarose column was pre-equilibrated with three column volumes of QA buffer. 
The dialysed mSR solution was loaded onto the column in a flow rate of 5 ml/min. The 
column was washed by three column volumes of QA buffer and bound mSR was eluted by 
2 column volumes of 2 mM ATP in QA buffer (pH 7.0). The fractions containing mSR 
were combined and dialysed in dialysis tubes of molecular weight cut-off 6-8 kDa 
overnight against 500 volumes of QA buffer at 4°C. mSR solution was then concentrated 
200-fold and stored in 50 µl aliquots at -80°C. 
 
3.2.3. Assessment of mSR purity and enzymatic activity 
3.2.3.1. Determination of protein concentration 
The protein concentration in a sample was determined using Bradford protein assay [108]. 
All measurements were conducted in a 96-well transprent microplate and each serial 
dilution was performed in duplicates. 
For a calibration, an inner standard bovine serum albumin (BSA) was used. 160 µl of 
50 µg/ml BSA solution was added into the well containing 160 µl of water. The BSA 
solution in a concentration of 25 µg/ml was then diluted in 2-fold serial dilutions leading to 
a standard curve of 25, 12.5, 6.25, 3.13, 1.57 and 0.78 µg/ml. 
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For the determination of a total protein concentration in the sample, 40 µl of the sample 
was added into the well containing 160 µl of water. The solution was then diluted in 5-fold 
serial dilutions to gain 5 different sample dilutions. 
Finally, 40 µl of 5× Coomassie Brilliant Blue G-250 was added into each well and 
solutions were mixed thoroughly with a multichannel pipette. After 5 minutes incubation at 
room temperature, the absorbance was measured at 595 nm on the GENios microplate 
reader (Tecan) and concentrations of each sample wer  calculated using Magellan 
programme (Tecan). 
 
3.2.3.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
Discontinuous SDS-PAGE was used for analysis of the samples taken from mSR 
expression and each step of purification. All gels consisted of 12% resolving gel and 5% 
stacking gel.  
The mixture for 12% resolving gel contained 375 mM Tris-HCl (pH 8.8), 12% (v/v) 
acrylamide mixture (acrylamide with N,N'-bisacrylamide in the ratio 35.7:1), 0.1% (w/v) 
SDS, 0.1% (w/v) ammonium persulfate (APS) and 0.01% (v/v) TEMED.  
The mixture for 5% stacking gel contained 250 mM Tris-HCl (pH 6.8), 5% (v/v) 
acrylamide mixture (acrylamide with N,N'-bisacrylamide in a ratio 35.7:1), 0.1% (w/v) 
SDS, 0.1% (w/v) ammonium persulfate (APS) and 0.02% (v/v) TEMED. 
After polymerisation, gels were placed into an electrophoresis apparatus (Sigma) and both 
the upper and the lower reservoir were filled by SDS Running Buffer (25 mM Tris, pH 8.8, 
250 mM glycine, 0.1% SDS). Prior to the loading into the gel, the samples were mixed 
with loading buffer (350 mM Tris, pH 6.8, 30% glycerol, 10% SDS, 0.6% 2-
mercaptoethanol, 1.2% bromphenol blue) in the ratio 5:1 and boiled for 5 minutes. 
Electrophoresis was run at a constant voltage of 150 V until the bromphenol blue dye 
reached the bottom of the gel. The separated proteins were visualized either by Commassie 





3.2.3.3. Commassie Briliant Blue staining of polyacrylamide gel 
Polyacrylamide gel containing separated proteins waincubated in Commassie Briliant 
Blue solution (0.1% Coomassie Brilliant Blue R-250, % methanol, 10% acetic acid) for 
30 minutes at room temperature with a gentle agitation and subsequently destained using 
10% acetic acid. The destaining solution was replenished several times until background of 
the gel was fully destained. Stained gels were scanned on the scanner (Canon). 
 
3.2.3.4. Western blotting using semi-dry transfer 
Once the SDS-PAGE (Chapter 3.2.3.2) was finished, the gel was equilibrated together with 
nitrocellulose membrane and 4 sheets of filter paper in a transfer buffer (25 mM Tris-HCl, 
192 mM glycine, 10% methanol, 0.1% SDS) for 10 minutes at room temperature. The 
blotting sandwich was subsequently made by placing two sheets of filter paper onto the 
anode of the transfer apparatus followed by nitrocellulose membrane, gel and additional 
two sheets of filter paper. To eliminate the bubbles b tween the layers, a test tube was 
rolled over the upper filter paper. The cathode was then placed on top of the blotting 
sandwich and transfer apparatus was closed. Proteins were transferred at constant voltage 
of 15 V for 15 min. 
After electroblotting, the membrane was blocked in 4 ml of Blocker Casein for 1 hour at 
room temperature with a gentle agitation and subsequently incubated in primary antibody 
3B7.1 (for more information about the antibody see Chapter 3.1.4) diluted in a ratio 1:20 in 
Blocker Casein overnight at 4˚C with the gentle agitation. The membrane was then washed 
with PBS and 0.05% Tween three times and incubated with secondary antibody (for more 
information about the antibody see Chapter 3.1.4.) diluted 1:20,000 in Blocker Casein for 1 
hour at room temperature. After another washing, the blot was incubated with 700 µl of 
SuperSignal West Femto Maximum Sensitivity Substrate (ThermoScientific) for 5 
minutes, dried between two sheets of filter paper and developed using chemiluminiscence 
CCD camera LAS-3000 (Fujifilm). 
 
3.2.3.5. Determination of specific activity of mSR 
Serine racemase specific activity in samples from different steps of purification was 
assessed using a natural substrate of the enzyme L-serine. Enzymatic reactions were 
carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 
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10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP and 
5 mM L-serine. The reactions were started by addition of the sample from the particular 
purification step. The amount of total protein (as determined by Bradford assay, see 
Chapter 3.2.3.1) added to the reaction depended on the stage of purification. The total 
volume of the reaction was 100 µl. The reactions were stopped by addition of 20 µl 
1.8 M HClO4 after 25 min and neutralized by 20 µl of 1.8 M KOH. Glycine was added as 
an internal standard and mixtures were cooled down at -20°C.  
The formation of a product (D-serine) as well as the amount of substrate (L-serine) left and 
the presence of internal standard (glycine) were analyzed by reversed-phase HPLC 
(Alliance HPLC, Waters and Dual Wavelength Absorbance Detector, Waters) after pre-
column derivatization.  
Reaction mixtures were first thawed at room temperature and centrifuged for 5 minutes at 
16100×g. 10 µl of the sample was then mixed with 5 µl of 1 M KHCO3 and 25 µl of 1-
fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA) and reactions were incubated at 45°C 
for at least 45 minutes. Derivatization was stopped by addition of 2 M HCl to a final 
concentration of 250 mM and the solutions were subsequently diluted 10 times by 50% 
methanol. Mixtures were centrifuged for 10 minutes at 16100×g and 300 µl of each sample 
was pipetted into the auto sampler. Symmetry C18 Column (4.6×250mm, particle size 
5 µm, Waters) used for the measurements was first equilibrated in a flow rate 1 ml/min 
with a mobile phase containing 32.5 mM sodium acetate, pH 4.4 and 35% methanol for 
30 minutes. 50 µl of the sample was then analyzed in 35 – 98% of methanol gradient in 65 
– 2 % of 50 mM sodium acetate, pH 4.4. The flow rate was 1ml/min and the running time 
was 20 min. The amino acid derivatives were detected by ultraviolet (UV) absorption at 
340 nm.  
The amount of D-serine formed in each reaction was determined using a calibration curve 










= − , 
where serineDn −  is the amount of D-serine formed,  proteintotalm  is the amount of total protein 
in the sample and t is reaction time. 
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3.2.3.6. Measurements of kinetics of L-serine racemisation 
The enzymatic reactions were performed at 37°C in a pH 8.0 buffer containing 100 mM 
HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 
1 mM ATP and 10 µg/ml (~135 nM) mSR and either 1 mM or 15 mM L-serine). The total 
volume of the reaction was 100 µl. All measurements were performed in duplicates. The 
reactions were started by addition of the substrate and stopped by addition of 20 µl 1.8 M 
HClO4 after 5.7, 11.4, 16.3, 20.8, 26.7, 30.7, 45.7 and 63.5 minutes. The solutions were 
subsequently neutralized by 20 µl of 1.8 M KOH and cooled down at -20°C.  
The samples were derivatized and the amino acid (D-serine and L-serine) derivatives were 
resolved on Symmetry C18 reversed-phase HPLC Column as described in Chapter 3.2.3.5. 
The amount of a product D-serine produced in the reactions was normalized to the amount 
of total serine (L-serine + D-serine) and the values obtained were used for investigation of 
the dependence of the amount of product made over tim .
 
3.2.3.7. Determination of kinetic constants for L-serine racemisation  
The enzymatic reactions were performed at 37°C in a pH 8.0 buffer containing 100 mM 
HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 
1 mM ATP and 10 µg/ml (~135 nM) mSR. The concentration of L-serine varied from 
15 µM to 2 mM. The total volume of the reaction was 100 µl. All measurements were 
performed in duplicates. The reactions were started by addition of the substrate and 
stopped by addition of 20 µl 1.8 M HClO4 after 25 min. The solutions were subsequently 
neutralized by 20 µl of 1.8 M KOH and cooled down at -20°C.  
The samples were derivatized and the amino acid (D-serine and L-serine) derivatives were 
resolved on Symmetry C18 reversed-phase HPLC Column as described in Chapter 3.2.3.5. 
The amount of D-serine formed in each reaction was determined using a calibration curve 






v serineD−= , 
  
where serineDc −  is the amount of D-serine formed and t  is the reaction time. To obtain Km 
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and Vmax values, the dependence of initial velocities on initial substrate concentration was 
fitted into the Michaelis-Menten equation by nonlinear regression using GraFit program, 














where Vmax is the maximum reaction rate of mSR as determined by GraFit and 0E  is the 
concentration of mSR in the reaction. 
 
3.2.4. Testing of compounds for their inhibitory efficiency towards 
mSR 
3.2.4.1. Preparation of the compound solutions 
Compounds (for the list of compound see Chapter 3.1.2) were dissolved in water to gain 
100 mM final concentrations. In some cases, addition of DMSO or 10 M NaOH was 
necessary for a complete dissolution of the compound. The solutions were stored at -20°C. 
 
3.2.4.2. Inhibition analysis 
Enzymatic activities of mSR in the presence of tested compound were determined as 
described in [84]. Briefly, activity reactions were carried out at 37°C in a pH 8.0 buffer 
containing 100 mM HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 
5 mM DL-dithiothreitol, and 1 mM ATP. The concentration of mouse serine racemase was 
always 10 µg/ml (~135 nM), while the concentrations f L-serine and tested compounds 
depended on the type of experiment. In the initial screening, the concentrations of both L-
serine and tested compound were equal – 5 mM.  
To determine IC50 values, 10 different inhibitor concentrations were used, while the 
concentration of L-serine remained constant at 5 mM. The suitable concentrations for each 
inhibitor were chosen based on the results of previous screening.  
40 
 
In the experiments for determination of mechanism of inhibition and Ki, different 
concentrations of L-serine (ranging from 1 mM to 15 mM) as well as inhibitor (ranging 
from 0 mM to 150 mM) were used.  
The volume of reaction mixtures was 100 µl. All measurements were performed in 
duplicates. Reactions were started by addition of substrate, stopped by addition of 20 µl 
1.8 M HClO4 after 10 – 25 min and neutralized by 20 µl of 1.8 M KOH. Glycine was 
added as the internal standard and samples were cool d d wn at -20°C.  
The samples were derivatized and the amino acid (D-serine, L-serine and glycine) 
derivatives were resolved on Symmetry C18 reversed-phase HPLC Column as described in 
Chapter 3.2.3.5. 
 
3.2.4.3. Result processing 
Once the reaction mixtures from the initial screening were resolved using HPLC, the 
amount of the product D-serine formed in the reactions was normalized either to the 
amount of the internal standard glycine or to the amount of total serine (D-serine + L-















where .,. inhserineDnormn −  is the normalized amount of D-serine formed in the pr sence of the 
tested compound and serineDnormn −.  is the normalized amount of D-serine formed in the
absence of tested compounds. 
In the case of IC50 and Ki value measurements, vi,0/v0 value was first determined and the 
obtained data were then used for calculation of inhib tion constants by GraFit 5.0.4 






3.2.5. Enzymatic measurements with novel mSR substrates 
3.2.5.1. Testing of compounds as possible substrates of mSR 
The enzymatic reactions were performed at 37°C in a pH 8.0 buffer containing 100 mM 
HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 
1 mM ATP, 10 µg/ml (~135 nM) mSR and 5 mM compound tested. 
The volume of reaction mixtures was 100 µl. All measurements were performed in 
duplicates. Reactions were started by addition of substrate, stopped by addition of 20 µl 
1.8 M HClO4 after 30 minutes and neutralized by 20 µl of 1.8 M KOH. The samples were 
cooled down at -20°C.  
Formation of the expected product α-ketoglutarate was determined by reversed-phase 
HPLC (Alliance HPLC, Waters and Dual Wavelength Absor ance Detector, Waters) after 
pre-column derivatization.  
Reaction mixtures were thawed at room temperature and centrifuged for 5 minutes at 
16100×g. 25 µl of the sample was then mixed with 25 µl of dinitrophenylhydrazine 
(DNPH, Fluka) solution  (13.5 µM DNPH, 1.3% H2SO4, 6.5%  ethanol, 45% methanol) 
and 450 µl of 50% (v/v) methanol was subsequently added into the mixture. The solutions 
were incubated at room temperature for 5 minutes and then centrifuged for 10 minutes at 
16100×g and 4°C. 400 µl of each sample was pipetted into the autosampler. Symmetry 
C18 Column (4.6×250mm, particle size 5 µm, Waters) used for the measurements was first 
equilibrated in a flow rate 1 ml/min with a mobile phase containing 
30 mM tetrabutylammonium hydroxide adjusted to pH 4.3 by ultrapure acetic acid and 
40% methanol for 30 minutes. 50 µl of the sample was then analyzed in 40 – 85% of 
methanol gradient in 60 – 15 % of 50 mM tetrabutylammonium hydroxide, pH 4.3. The 
flow rate was 1ml/min and the running time was 32 min. The α-ketoglutarate derivatives 
were detected by ultraviolet (UV) absorption at 366 nm. 
 
3.2.5.2. Determination of kinetic constants for novel substrates of mSR 
Activity reactions were performed in duplicates at 37°C in a pH 8.0 buffer containing 
100 mM HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-
dithiothreitol, and 1 mM ATP. The concentration of mouse serine racemase and 
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hydroxyglutamate depended on the compound tested (mSR ranging from 10 nM to 
790 nM, substrate ranging from 25 µM to 20 mM). Reactions were started by addition of 
substrate and stopped by addition of 20 µl 1.8 M HClO4 after a defined time (5 – 
15 minutes depending on compound used).  
Formation of the product α-ketoglutarate was determined by reversed-phase HPLC (Rapid 
Resolution LC Series 1200, Agilent and 1200 Series Fluorescence Detector, Agilent) after 
pre-column derivatization.  
Reaction mixtures were mixed with derivatization reag nt (10 mg/ml o-phenylenediamine, 
Sigma in 0.5 M HCl) in a 1:1 ratio, incubated at 110°C for 10 minutes and cooled down. 
Eclipse Plus C18 Column (2.1×50mm, particle size 1.8 µm, Agilent Technologies) used for 
the measurements was first equilibrated in a flow rate 0.4 ml/min with a mobile phase 
containing 0.1% formic acid and 23% acetonitrile for 10 minutes. The mixtures were then 
analyzed in 23 – 100% of acetonitrile gradient with 0.1% formic acid in 77 – 0% of 0.1% 
formic acid. The flow rate was 0.4 ml/min and the running time was 5 min. The α-
ketoglutarate derivative was detected by fluorescence detector, where excitation 
wavelength was set up on 340 nm leading to emission in 420 nm.  
The amount of α-ketoglutarate formed in each reaction was calculated using a calibration 
curve of α-ketoglutarate and the initial velocities v0, Km, Vmax and kcat values were 
















4.1. Preparation and kinetic characterization of recombinant 
mSR 
4.1.1. mSR preparation 
Recombinant mouse serine racemase was prepared using E.coli expression system and 4-
step purification – precipitation by ammonium sulfate, reversed-phase chromatography on 
Phenyl-Sepharose, ion-exchange chromatography on Q-Sepharose and affinity 
chromatography on ATP-agarose. 
The result of each purification step is shown in Figure 6. The cells were first lysed in a 
lysis buffer (for more details see Chapter 3.2.2.1) However, the mSR solubilisation was 
not achieved completely since significant amount of the enzyme remained in a non-soluble 





Figure 6: Summary of the mouse serine racemase purification. The SDS-PAGE gel with 
individual fractions from each purification step stained by Commasie blue. The samples were boiled in the 
loading buffer and resolved using 12% SDS-PAGE as described in the Chapter 3.2.3.2. Total amount of a 
protein in a well was 10 µg. The molecular weight of mSR is around 37 kDa. Lanes: 1 – cell lyzate non-
soluble fraction, 2 – cell lyzate soluble fraction, 3 – soluble fraction from ammonium sulfate precipitation, 4 
– non-soluble fraction from ammonium sulfate precipitation, 5 – supernatant obtained after dissolution of 
non-soluble fraction from ammonium sulfate precipitation in the lysis buffer, 6 – eluate from reversed-phase 
chromatography on Phenyl-Sepharose, 7 – eluate from ion-exchange chromatography on Q-Sepharose, 8 – 
eluate from affinity chromatography on ATP-agarose, 9 – mSR standard. 
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In contrast with a 3-step purification procedure published by our research group [84], the 
precipitation step using saturated solution of ammonium sulfate was included before 
proceeding to the purification by chromatographic te hniques. Previous observations 
showed that mSR precipitates from a solution when the concentration of ammonium 
sulfate reaches 50% (v/v) (data not shown). Since it was desirable to keep mSR in the 
solution, the appropriate amount of saturated ammonium sulfate leading to 40% final 
concentration (v/v) was added into the cell lysate. However, the analysis of the samples 
using SDS polyacrylamide electrophoresis revealed that mSR precipitated from the 
solution completely (see Figure 6, p. 43). The non-s luble fraction obtained after 
precipitation step was thus suspended in an appropriate amount of lysis buffer again and 
the supernatant was used for further purification. The combination of reversed-phase 
chromatography, ion-exchange chromatography and affinity chromatography resulted in 
mSR solution in a purity of around 80% (see Figure 6, p. 43). The increasing efficiency of 
the purification was also monitored by determination f mSR specific activity in the 
samples after each purification step (Figure 7A). 
  
                  
 
Figure 7: Monitoring of mouse serine racemase purification. The presence of the mSR in a sample 
after each purification step was confirmed by determination of mSR specific activity using L-serine as  
substrate (panel A). The appropriate amount of the sample was incubated in a pH 8.0 buffer containing 
100 mM HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP 
and 5 mM L-serine. The amount of D-serine formed was determined by reversed-phase HPLC. 1 – 
supernatant obtained after dissolution of non-soluble fraction from ammonium sulfate precipitation in a lysis 
buffer, 2 – eluate from reversed-phase chromatography, 3 – eluate from ion-exchange chromatography, 4 – 
eluate from affinity chromatography. The presence of mSR in a final solution was also confirmed by Western 





The appropriate amount of the sample was incubated in a reaction buffer (see Chapter 
3.2.3.5) with 5 mM substrate (L-serine) for 25 minutes at 37°C. The amount of the D-
serine formed was then used for the calculation of mSR specific activity in each sample. It 
was determined that the specific activity of mSR increased during the purification 
40 times. To confirm the presence of mSR in the final solution with an independent 
analytical method, Western blot was performed leading to the detection of two bands – the 
band corresponding with the molecular weight of mouse serine racemase (around 37 kDa) 
and the band of the molecular weight of 75 kDa approximately (Figure 7B, p. 44). 
 
4.1.2. Kinetic characterization of the recombinant mSR 
To ensure that the purified mSR possesses kinetic properties comparable to those published 
previously, the enzyme kinetics of L-serine racemisation was investigated. The enzyme 
assay utilized in all experiments throughout kinetic characterization of mSR and inhibition 
studies was based on end-point measurement of the product. For this reason, it was 
desirable to first determine the reaction time in which the amount of product increases 






Figure 8: Kinetic characterization of recombinant mSR during racemisation reaction. Panel 
A: The dependence of the amount of D-serine made during the racemisation reaction over time. DS/TS 
values represent the amounts of D-serine normalized to total serine (L-serine + D-serine). Panel B: The 
dependence of initial velocities on initial substrate concentrations during the racemisation of L-serine (LS) to 






The mouse serine racemase in a concentration of 135 nM was incubated in the reaction 
buffer (see Chapter 3.2.3.6) with 2 different L-serin  concentrations (1 mM and 15 mM) 
for 8 different times (ranging from 5 minutes to 65 minutes) at 37°C and the amount of the 
product D-serine produced in each time point was then investigated. 
It was determined that the reaction time for L-serin  in the concentration of 1 mM should 
be kept under 30 minutes in order to ensure that kinetic measurement is conducted within 
the initial reaction velocity (Figure 8A, p. 45). A similar trend was also observed when the 
concentration of L-serine was 15 mM (data not shown). 
The Michaelis-Menten kinetics of mSR during racemisation of L-serine to D-serine was 
subsequently measured using 12 different concentrations (ranging from 0.25 mM to 
15 mM) of substrate. The amount of the product (D-serine) formed during the reaction was 
then used for calculation of initial reaction rate nd the data obtained were processed by 
GraFit 5.0.4 (Erithacus Software Limited) [109]. An example of the graphical 
representation showing dependence of the initial reaction rates of L-serine racemisation on 
the initial L-serine concentration is depicted in Fgure 8B (p. 45).  
Apart from generating of Michaelis-Menten kinetics hyperbolic plot, GraFit 5.0.4 also 
calculates Km and Vmax values. Km value for L-serine racemisation was determined as 3.4 ± 
0.3 mM. The Vmax value (11.0 ± 0.4 µM/min) was then used for calculation of kcat (68.9 ± 
2.2 min-1) and kcat/Km (20 ± 2 min
-1mM-1) values. 
 
4.2. Inhibition studies on mSR 
In order to search for a potent inhibitor of racemisation reaction catalyzed by mSR, 
50 compounds were tested. The chemicals were either purchased from commercial sources 
or prepared by Petr Jansa and Jiří Schimer from IOCB or obtained from a research group 
of prof. Carlo De Micheli (University of Milan). These compounds can be divided into 3 
groups – malonate-based compounds, hydroxyglutamates nd their derivatives and 
miscellaneous compounds selected from chemical librry of Petr Jansa. 
All compounds were first tested in a 5 mM ligand prescreening where mSR in a 
concentration of 135 nM was incubated in a reaction buffer (see Chapter 3.2.4.2) with 
equimolar amount of compound and L-serine substrate (5 mM) for less than 25 minutes at 
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37°C. The amount of D-serine product produced in the reaction was then used for 
calculation of vi,0/v0 (vi,0 is the relative enzymatic activity in the presence and v0 in the 
absence of the compound). The compounds which decreased the racemisation activity of 
serine racemase by more than 98% were further charaterized using IC50 and Ki value 
measurements. The details of a reaction setup for these measurements will be mentioned 
where appropriate. 
 
4.2.1. Malonate-based compounds 
From 21 compounds (compounds M1-M21, for the structures see Chapter 3.1.2) tested in 
5 mM ligand prescreening, 7 compounds (M1 – M7) showed high inhibition potency 
towards mSR (vi,0/v0 < 0.2), 10 compounds (M8 – M17) appeared to be moderate inhibitors 
(vi,0/v0 = 0.2 – 0.7) and 4 compounds (M18 – M21) had almost n  inhibitory effect on 




Figure 9: Inhibition of mSR racemisation reaction by malonate-based compounds. Activity 
reactions were carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 10 µM pyridoxal-
5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP, 135 nM mSR, 5 mM L-serine and 5 mM 
compound tested. NI – non inhibited reaction. For the structures of compounds see Chapter 3.1.2. vi,0/v0 value 
represents the ability of tested compound to decrease the activity of mSR (vi,0 is the relative enzymatic 
activity in the presence and v0 in the absence of the compound). 
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To determine IC50 values of the four most potent inhibitors (M1 – M4), the activity of 
serine racemase was analyzed in the presence of 10 different compound concentrations 
ranging from 0.001 mM to 7.5 mM. The concentration of L-serine was kept constant at 
5 mM. The vi,0/v0 values for each reaction were then utilized for calcul tion of  IC50 values 
using GraFit 5.0.4 (Erithacus Software Limited) [109]. The graphical representation for the 
most effective inhibitor 2,2-dichloromalonate (M4), showing dependence of the vi,0/v0 
value on the inhibitor concentration, is depicted in F gure 10A (p. 48). IC50 values of all 
four inhibitors tested are summarized in Table 5.  
 
Table 5: IC50 values of the most potent malonate-based inhibitors of mSR. Activity 
testing was carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 10 µM pyridoxal-5’-
phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP, 135 nM mSR and 5 mM L-serine. The 
inhibitory potency of each compound was measured in 10 different concentrations, the concentration range 
was chosen based on the previous 5 mM prescreening.  
 
CODE STRUCTURE NAME IC50 [µM] 
M1  malonate 67 ± 1 
M4 
 
2,2-dichloromalonate 57 ± 1 
M2 
 





400 ± 100 
 
Considering the results of IC50 value measurements, malonate and 2,2-dichloromalonate 
were selected for further investigation of the mechanism of inhibition using double 
reciprocal Lineweaver-Burk plot [110]. For this purose, the activity of mSR was analyzed 
in the presence of 6 different concentrations of L-serine (ranging from 1 mM to 15 mM) 
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and 3 different concentrations of inhibitor (ranging from 0 mM to 150 mM). The data were 










Figure 10: Characterization of the most potent inhibitor of mSR 2-dichloromalonate. Panel 
A: The non-linear fit for determination of IC50 value of 2-dichloromalonate. Panel B: Double reciprocal 
Lineweaver-Burk plot showing the competitive mechanism of inhibition of mSR by 2-dichloromalonate. LS 
= L-serine. Data were processed by program GraFit 5.0.4 (Erithacus Software Limited) [109].  
 
The example of the Lineweaver-Burk plot for the most potent inhibitor 2,2-
dichloromalonate is shown in Figure 10B. Both compounds appeared to be competitive 
inhibitors with Ki value being 19 ± 3 µM for 2,2-dichloromalonate and 27 ± 3 µM for 
malonate.     
Apart from the further exploration of inhibitors that decreased the racemisation activity of 
mSR in the 5 mM ligand prescreening by more than 98%, the IC50 values of some weaker 
inhibitors were also determined and are summarized n Table 6 (p. 50). The range of 
concentrations for each inhibitor differed and was chosen based on the results of 5 mM 







Table 6: IC50 values of some weaker malonate-based inhibitors ofmSR. Activity testing 
was carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 10 µM pyridoxal-5’-
phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP, 135 nM mSR and 5 mM L-serine. The 
inhibitory potency of each compound was measured in 10 different concentrations, the concentration range 
was chosen based on the previous 5 mM prescreening.  
 
CODE STRUCTURE NAME IC50 [µM] 
M6 
 
2-chloromalonic acid 780 ± 100 
M7 
 
2-nitromalonic acid 1650 ± 490 
M10 
 





2160 ± 200 
M16 
 


















4.2.2. Hydroxyglutamates and their derivatives 
Most of the hydroxyglutamate stereoisomers and their d rivatives (compounds G1-G11, 
for the structures see Chapter 3.1.2) tested in 5 mM ligand prescreening inhibited the 
racemisation reaction catalyzed by mSR moderately or had no effect (see Figure 11). Only 





Figure 11: Inhibition of mSR racemisation reaction by hydroxyglutamates and their 
derivatives. Activity reactions were carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-
NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1mM ATP, 135 nM mSR, 
5 mM L-serine and 5 mM compound tested. For the structu es of compounds see Chapter 3.1.2. vi,0/v0 value 
represents the ability of tested compound to decrease the activity of mSR (vi,0 is the relative enzymatic 
activity in the presence and v0 in the absence of the compound). 
 
Since the FDAA method used for determination of the amount of D-serine in the reaction 
mixture enables to detect all amino acids it was posible to investigate whether the 
concentrations of hydroxyglutamate-based compounds alter during the reaction. While no 
changes were observed in the concentration of 4-hydrox glutamates (compounds G5 – G8) 
and hydroxyglutamate derivatives (G9 – G11), concentrations of all 3-hydroxyglutamates 
(compounds G1 – G4) were decreased. Moreover, the degra ation of compounds G1 and 
G2 was much more efficient than the degradation of the physiological substrate of mSR L-
serine (see Figure 12, p. 52). At the same time, no additional signals in chromatograms 
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suggesting racemisation of these compounds on α-carbon were observed. It was thus 
assumed that 3-hydroxyglutamates are substrates of mSR and might undergo β-elimination 

















Figure 12: Degradation of 3-hydroxyglutamates in the presence of mSR. Tested compounds (G1 
and G2, for structures of the compounds see Chapter 3.1.2) in the concentration of 5 mM were treated at 
37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 
5 mM DL-dithiothreitol, 1 mM ATP and 5 mM L-serine (LS) in the absence (column A) or presence (column 
B) of 135 nM mSR. The figure shows HPLC analyses of the reaction mixtures after pre-column 
derivatization by FDAA.  
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4.2.3. Miscellaneous compounds 
From 18 compounds (compounds R1-R18, for the structu es see Chapter 3.1.2) tested in 
the 5 mM ligand prescreening, 12 compounds (R1 – R12) appeared to be moderate 
inhibitors of mSR during racemisation reaction and 6 compounds (R13 – R18) had almost 
no effect (see Figure 13). Therefore, none of the compounds was further characterized 
using IC50 value and Ki value analysis. Interestingly, compounds R17 and R18 seemed to 
activate mSR. However, because of the high standard eviation the data were not 




Figure 13: Inhibition of mSR racemisation reaction by hydroxyglutamates and their 
derivatives. Activity reactions were carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-
NaOH, 10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP, 135 nM mSR, 
5 mM L-serine and 5 mM compound tested. NI – non inhibited reaction. For the structures of compounds see 
Chapter 3.1.2. vi,0/v0 value represents the ability of tested compound to decrease the activity of mSR (vi,0 is the 








4.3. Novel substrates of mSR 
To confirm the hypothesis that all four stereoisomers of 3-hydroxyglutamate are substrates 
of mSR β-elimination activity, mouse serine racemase in a concentration of 135 nM was 
incubated in a reaction buffer (see Chapter 3.2.5.1) with 5 mM compound at 37°C for 
30 minutes. Reaction mixtures and solutions of 1 mM, 2.5 mM and 5 mM α-ketoglutarate 
(expected product of the reaction) were then derivatized by 2,4-dinitrophenylhydrazine 
(DNPH) and analyzed using reversed-phase HPLC. For the example of the chromatograms 
obtained from investigation of compound G1 as a potential substrate see Figure 14. The 
retention time for dinitrophenylhydrazine derivative of α-ketoglutarate was around 





            
 
Figure 14: Generation of α-ketoglutarate (α-KG) from L- erythro-3-hydroxyglutamate during 
elimination reaction catalysed by mSR. Panel A: The chromatogram of 1 mM α-ketoglutarate after 
pre-column derivatization by 2,4-dinitrophenylhydrazine (DNPH).  Panel B: HPLC analysis of L-erythro-3-
hydroxyglutamate treated at 37°C in a reaction buffer (pH 8.0 buffer containing 100 mM HEPES-NaOH, 
10 µM pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol, 1 mM ATP) with 135 nM mSR. The 
solution was derivatized by DNPH before loading onto HPLC column. Panel C: HPLC analysis of L-
erythro-3-hydroxyglutamate treated at 37°C in a reaction buffer without mSR. The solution was derivatized 







No peak indicating the presence of α-ketoglutarate in the mixture when mSR was not 
added into the elimination reaction was visible in the chromatogram (Figure 14C, p. 54). 
On the other hand, after addition of the mSR into the reaction, a considerable amount of α-
ketoglutarate was formed (Figure 14B, p. 54). Similar results were also generated using 
compounds G2 – G4 as the substrates (data not shown) suggesting that mSR indeed 
catalyzes the reaction of all 3-hydroxyglutamates to α-ketoglutarate. 
It was thus desirable to determine a Km value of each substrate. However, since the amount 
of α-ketoglutarate produced by 3-hydroxyglutamate elimination significantly differed 
according to substrate used, several optimisation reactions were first performed to ensure 
that all Km measurements would be done within an initial reaction velocity. The most 
suitable mSR concentration, concentration range of 3-hydroxyglutamate and reaction time 
for each substrate are summarized in Table 7.  
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The data obtained from subsequent Michaelis-Menten kinetics measurements were very 
variable (data not shown). It was assumed that the inconsistent results could be caused by 
2,4-dinitrophenylhydrazine derivatization. A new fluorescence-based HPLC method for 
detection of α-ketoglutarate in the reaction mixtures was thus developed by Radko Souček 
from IOCB. This detection method uses a pre-column derivatization of the samples by o-
phenylenediamine (see Chapter 3.2.5.2). The Michaelis-Menten kinetics of mSR with 
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novel substrates was then measured using at least 6 different concentrations of the 
substrate (for concentration range see Table 7). The optimisation reactions for 
determination of the most suitable reaction conditions for each substrate were not repeated 
with the new HPLC detection method since it was supposed that they would not differ 
dramatically. To ensure that all measurements were conducted within the initial velocity, 
the percentage of substrate conversion was kept under 15%. 
 
   
                
Figure 15: The dependence of initial velocities on initial substrate concentrations during the 
elimination of D-threo-3-hydroxyglutamate (A) and L-erythro-3-hydroxyglutamate (B) to α-
ketoglutarate. The data were fitted using program GraFit 5.0.4 (Erithacus Software Limited) [109]. 
 
The amount of the α-ketoglutarate product formed during the reaction was then used for 
calculation of initial reaction rate and the data obtained were processed by GraFit 5.0.4 
(Erithacus Software Limited) [109]. The graphical rep esentations for compounds G1 and 
G4 showing dependence of the initial reaction rates of ubstrate elimination on the initial 
substrate concentration are depicted in Figure 15. Km, kcat and kcat/Km values for each 









Table 8: The Michaelis-Menten kinetics data of mSR with newly identified substrates. 
Activity reactions were carried out at 37°C in a pH 8.0 buffer containing 100 mM HEPES-NaOH, 10 µM 
pyridoxal-5’-phosphate, 1 mM MgCl2, 5 mM DL-dithiothreitol and 1 mM ATP. The concentration of mSR 












3.2 ± 0.5 
3405 ± 
254 
























Serine racemase as the enzyme responsible for the biosynthesis of a neurotrasmitter D-
serine has become a promising target of pharmaceutical intervention in neurological 
diseases caused by overstimulation of NMDA receptors. However, no highly potent 
inhibitor of this enzyme has been identified to date nd further search is thus desirable.  
In this study, recombinant mouse SR was employed to screen 50 different compounds for 
their inhibitory potency. The utilization of human SR would be probably more appropriate 
since the preparation of its recombinant form has been already described [85]. However, in 
order to facilitate the comparison of the results with those already published, mSR, and not 
hSR, was exploited. Indeed, most of the inhibitory studies published so far have been 
conducted on the mouse ortholog of serine racemase. Nevertheless, mSR and hSR possess 
similar inhibitor specificity [85] and it can be thus assumed that any compound identified 
as a potent inhibitor of mSR would also effectively inhibit hSR.    
Recombinant mSR was expressed by E.coli expression system and subsequently purified 
using ammonium sulfate precipitation and three different chromatography techniques. 
Since the enzyme construct does not contain any tag to enable one-step purification using 
affinity chromatography the preparation of mSR was rather time consuming. However, the 
modification of the enzyme by the tag could lead to al eration of its kinetic parameters and 
inhibitor specificity. The design of most of the compounds tested in this study was based 
on the mSR inhibitors published previously by our research group [84]. We thus decided to 
use the same construct for mSR expression. 
The purification of mSR was then performed almost identically. The only exception 
represented the inclusion of the ammonium sulfate preci itation before proceeding to the 
purification by chromatography techniques. This ledto preparation of the enzyme of 
higher purity than when only chromatography techniques were utilized (see Figure 6, p. 43, 
lane 8 vs. lane 9). However, the precipitation step extended the time of mSR purification 
even more and probably caused the loss of significat amount of expressed protein. Indeed, 
it was observed that the enzyme precipitated from the solution with lower concentration of 
ammonium sulfate than expected and most of the mSR thus appeared in non-soluble 
fraction. The subsequent solubilisation of the enzyme from this fraction was not achieved 
completely. The reason why the concentration of ammonium sulfate necessary for mSR 
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precipitation differed from the result determined previously is unclear. For further mSR 
preparation, the investigation of this phenomenon wuld be desirable. 
The efficiency of the purification was monitored bySDS electrophoresis (see Figure 6, 
p. 43) and determination of specific activity of the enzyme in purification fractions 
(see Figure 7A, p. 44). With each purification step, the purity as well as specific activity of 
mSR increased indicating that the purification setup was chosen correctly. The presence of 
the enzyme in the final solution was independently confirmed by Western blotting (see 
Figure 7B, p. 44). However, along with the band corresponding with the molecular weight 
of mSR (37 kDa), the band of 2-fold molecular weight of mSR (75 kDa) was also detected. 
Since mSR is known to occur in solution in dimers [90], the presence of 75 kDa band on 
the developed blot could be caused by incomplete reduction of the sample prior loading 
into the SDS-PAGE gel. Nevertheless, it is assumed that mSR dimers are not stabilized by 
disulfide bridges [111] and the mentioned explanation of the presence of the 75 kDa band 
is thus improbable. It is more plausible that the detection of the protein with the molecular 
weight of 75 kDa is a result of antibody cross-reactivity since it has been shown that the 
primary antibody used for the identification of mSR is not completely specific [107]. 
The subsequent kinetic characterization of purified mSR revealed that the enzyme 
possesses the kinetic properties comparable to those published previously [84]. Indeed, Km, 
kcat and kcat/Km values for the L-serine to D-serine racemisation reaction of newly prepared 
mSR and mSR from the publication are 3.4 vs. 3.8 mM, 68.9 vs. 45.5 min-1 and 20 vs. 12 
min-1mM-1.  
Once the recombinant mSR was prepared and characterized, we searched for an effective 
inhibitor of this enzyme. The design of the compounds used in the study was based on 
previously published inhibitors or intuition that particular small molecules could fit into the 
active site of mSR. The structures of selected compounds can be thus grouped into three 
subsets – malonate-based compounds (Table 4, p. 24, compounds M1-M21), 
hydroxyglutamates and its derivatives (Table 4, p. 24, compounds G1-G11), and 
miscellaneous compounds (Table 4, p. 24, compounds R1-R18).  
None of the compounds from the third mentioned group showed significant inhibitory 
potency towards mSR (Figure 13, p. 53). Within thisgroup, fluorbenzyloxy derivatives of 
L-3-hydroxyaspartates were also tested. Since L-erythro-3-hydroxyaspartate is known to 
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be the most potent mSR inhibitor and L-threo-3-hydroxyaspartate was shown to be a 
substrate of mSR [84] both ligands could serve as le d compounds for further inhibitor 
development.  However, the modification of hydroxyl group with the bulky moiety is not 
probably a strategy which would result in increase of the affinity towards mSR. Indeed, 
neither L-erythro-3-(4-fluorobenzyl)oxy-aspartate (compound code R9)nor L- threo-3-(4-
fluorobenzyl)oxy-aspartate (compound code R10) were capable of efficient inhibition of 
mSR.  
Malonate is one of the most potent inhibitor published so far but its inhibition constant is 
high [84]. We thus decided to investigate whether t modifications of this compound on 
the α-carbon could lead to increase of inhibitory efficiency towards the enzyme. Our 
results suggest that malonate derivatives with small electronegative groups on the α-carbon 
possess higher binding affinity than compounds with bulky and more electropositive 
moieties (see Table 4, p. 24 and Figure 9, p. 47). It should be mentioned though that the 
effectivity with which the particular compound inhibits mSR does not correlate with the 
electonegativity and the size of the α-carbon substituent completely. For instance, in the 
initial compound screening, dichloromalonate was shown to be more potent mSR inhibitor 
than chloromalonate. Since 3D structure of hSR is already available, the computational 
experiments could probably help with explanation of this phenomenon.  
In fact, further characterizations of selected inhibitors (see Table 5, p. 48) revealed that 
dichloromalonate is the only compound from the tested panel possessing higher affinity 
towards SR than malonate itself (Ki value 19 µM, see Figure 10, p. 49). Surprisingly, the Ki 
value for malonate determined in this study was 3-fold lower than the one previously 
published by our research group [84]. This difference was probably caused by slightly 
distinct preparations of SR. Indeed, even the Km values for L-serine during racemisation 
reaction did not coincide completely (see above).  
Despite the initial requirement that the compound must decrease the mSR activity by more 
than 98% to be considered for additional investigation, IC50 values of several malonate-
based compounds with lower inhibitory potency were also determined (see Table 6, p. 50). 
The main purpose of these measurements was to collect data for ligands with different 
affinity towards mSR in order to compare the experim ntal results with theoretical 
modelling performed by Martin Lepšík and Dana Nachtigalová from IOCB. The outcome 
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of this study will not be discussed further since th computational experiments are still in 
the process of completion.  
The last part of this project was focused on the characterization of 3-hydroxyglutamates as 
novel substrates of mSR. Initially, hydroxyglutamates and their derivatives were selected 
to be tested as potential inhibitors of mSR. This choi e was deliberate since mentioned 
compounds are structural analogues of hydroxyaspartates and we thus wanted to 
investigate whether they can possess similar affinity to mSR. However, except of D-threo-
3-hydroxyglutamate, none of the compounds decreased the activity of mSR significantly 
(see Figure 11, p. 51). On the other hand, it was observed that all stereoisomers of 3-
hydroxyglutamate are degradated during the enzymatic reaction (see Figure 12, p. 52). 
Further exploration then revealed that these compounds are eliminated by mSR to α-
ketoglutarate (see Figure 14, p. 54). 
In fact, the finding that all 3-hydroxyglutamates are substrates of mSR during β-
elimination was remarkable. Indeed, the elongation of the carbon scaffold of L-erythro-3-
hydroxyaspartate for just one carbon results in trasformation of mSR inhibitor to mSR 
substrate. Similarly, while D-threo-3-hydroxyaspartate does not show any affinity towards 
mSR [84], its 3-hydroxyglutamate analogue binds to the enzyme in order to be deaminated. 
It is not probably possible to experimentally explain these phenomenons. The 
computational analysis of mSR in the presence of 3-hydroxyglutamates would be thus very 
interesting. 
To identify α-ketoglutarate in the reaction mixture, the published HPLC method for 
detection of pyruvate after L-serine elimination by mSR was employed [91]. This method 
uses a pre-column derivatization of the samples by 2,4-dinitrophenylhydrazine which is 
known to react with various 2-oxo acids including α-ketoglutarate, glyoxylate and pyruvate 
[112]. Indeed, the preliminary experiments suggested that the mentioned method can be 
used for α-ketoglutarate detection (see Figure 14, p. 54). However, the results obtained 
from subsequent Michaelis-Menten kinetics measurements seemed to be inconsistent. It is 
thus possible that the 2,4-dinitrophenylhydrazine derivatization is not quantitative. For this 
reason, we developed another method for α-ketoglutarate identification which is based on 
pre-column derivatization of the reaction mixtures by o-phenylenediamine [113-115]. 
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Finally, kinetic constants of all 3-hydroxyglutamates were determined (see Table 8, p. 57). 
Surprisingly, L-erythro-3-hydroxyglutamate was observed to possess the highest kcat 
identified for any SR substrate so far and D-threo-3-hydroxyglutamate was shown to have 
one of the lowest Km determined to date (compare Table 8, p. 57 with Table 1, p. 12 and 
Table 2, p. 13). However, it is not plausible that theβ-elimination of 3-hydroxyglutamates 
would be physiologically relevant since none of thecompounds have been reported to be 
detected in vivo. On the other hand, the product of the reaction is not toxic and D-threo-3-
hydroxyglutamate as the compound with highest effect on mSR racemisation activity could 




















1. Recombinant mouse serine racemase was prepared using E.coli expression system 
and 4-step purification. The pure protein was enzymatically characterized. 
 
2. 50 different compounds were tested for their inhibitory potency towards mSR. 4 
malonate-based compounds as promising inhibitors and 4 stereoisomers of 3-
hydroxyglutamate as novel substrates were identified. 
 
3. The most potent malonate-based inhibitors as determin d from the initial screening 
were characterized in terms of binding affinity and mechanism of action. 
Dichloromalonate was shown to be the most effective competitive inhibitor 
identified to date. 
 
4. The kinetic constants of the novel substrates of mSR – 3-hydroxyglutamates – were 
determined. L-erythro-3-hydroxyglutamate was observed to possess the highest kcat 
identified so far and D-threo-3-hydroxyglutamate was shown to have one of the 













ADP, ATP adenosine diphosphate, adenosine triphosphate 
Aβ amyloid β-peptide 
ALS amyotrophic lateral sclerosis 
APS ammonium persulfate 
BSA bovine serum albumin 
CCD  charge-coupled device 
CNS central nervous system 
CTP cytidine triphosphate 
Da daltons 
DAAO D-amino acid oxidase 
DMSO dimethyl sulfoxide 
DNA  deoxyribonucleic acid 
DNPH dinitrophenylhydrazine 
DTT   1,4-dithiothreitol 
E.coli Escherichia coli 
EDTA  ethylenediaminetetraacetic acid 
EST  expressed sequence tag 
FAD flavin adenine dinucleotide  
FDAA 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (Marfey’s Reagent) 
GCS glycine cleavage system 
GRIP glutamate receptor interacting protein 
GTP  guanosine triphosphate 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HPLC high-performance liquid chromatography 
hSR   human serine racemase 
IOCB Institute of Organic Chemistry and Biochemistry 
kDa  1000 Daltons 
LB Luria-Bertani Broth 
LS L-serine 
LTP long-term potentiation 
mRNA messenger RNA 
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mSR  mouse serin racemase 
NCBI National Center of Biotechnology Information 
NMDA N-methyl-D-aspartate 
OD optical density 
PAGE  polyacrylamide gel electrophoresis 
PDB Protein Data Bank 
PICK1 protein interacting with kinase C 
PLP    pyridoxal-5’-phosphate 
RNA  ribonucleic acid 
rSR rat serine racemase 
SDS  sodium dodecyl sulfate 




TEMED  tetramethylethylendiamine 
Tris  tris(hydroxymethyl)aminomethane 
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